PURPOSE: To investigate the hemopreventive effect of defatted flaxseed meal in C57BL/6 mice after induction of precancerous colon lesions with 1.2-dimethylhydrazine (DMH). METHODS: Thirty-six 12-week-old C57BL/6 mice were divided into three treatment groups(n=12 in each group): (1) diet with 10% defatted flaxseed meal; (2) diet with defatted flaxseed meal and precancerous colon lesions induced by DMH; and (3) precancerous colon lesions induced by DMH, without defatted flaxseed meal. The incidence of aberrant crypt foci (ACF), oxidative processes, expression of tumor suppressor proteins and cyclins, as well as the profile of short-chain fatty acids (SCFA) in animal feces were investigated in the presence and absence of DMH. RESULTS: The rats consuming defatted flaxseed meals showed lesions with lower multiplicity and a reduced incidence of lesions. No changes in the expression of tumor suppressor proteins and those involved in cell cycle control were detected. CONCLUSION: Defatted flaxseed meal protected the distal colon of mice from precancerous lesions.
Introduction
Cancer is a major public health problem in the United States and many other parts of the world. Among the different types of cancer, colorectal cancer (CRC) is the third most common type worldwide in both sexes 1 . CRC is characterized by uncontrolled growth of malignant cells arising from a series of genetic errors that accumulate over the years, which have invasive potential and may spread to other regions 2 .
Evidence from ecological, migrant, and secular trend studies suggests that environmental risk factors are of major importance in the cause of colorectal cancer 3 , including smoking, obesity, sedentary lifestyle, aging, and eating habits 4 
. The World
Cancer Research Fund and the American Institute for Cancer Research 5 concluded that colorectal cancer is mostly preventable by appropriate diets and associated factors.
Diet is the most important exogenous risk factor in the etiology of CRC 6 . Foods containing dietary fiber protect against this cancer 7 . Several plausible mechanisms have been proposed to explain this, including increased stool bulk and dilution of carcinogens in the colonic lumen, a reduced transit time, and bacterial fermentation of fiber into short-chain fatty acids (SCFA) 8 , which can control gene expression in colonocytes, thus working as a shield against CRC 9, 10 .
Flaxseed meals have been used as food in many countries around the world. Flaxseed has three major components that make it beneficial in human nutrition: a very high content of alpha linolenic acid (omega-3 fatty acid); a high percentage of dietary fiber, both soluble and insoluble; and the highest content of plant ''lignans'' 11 . Flaxseed provides as much as 75-800 times the amount of lignans compared to other oil seeds, cereals, legumes, fruits and vegetables 12 . It is also a particularly rich source of the lignan secoisolariciresinol diglycoside (SDG).
SDG is a plant lignan that is converted into mammalian lignans by bacteria in the colon of humans and other animals. They are biologically active phytochemicals with apparent anticancer and antioxidant potential 13 . When consumed, SDG is converted by intestinal microflora into two lignan metabolites, enterodiol and enterolactone. Lignan metabolites act as antioxidants and free radical scavengers 11 , which may decrease the risk of carcinogenesis, protecting the cell from free radicals and DNA damage 14 .
Carcinogenesis involves multiple steps, which includes carcinogens causing mutations in DNA that may or may not be corrected by DNA repair genes. When DNA damage is intense and the repair is insufficient, the mechanism of apoptosis is activated and the cell is eliminated. The activation of repair and apoptosis may occur through the action of p53, which stops the cell cycle, checks for possible DNA damage and, if necessary, induces repair or triggers apoptosis. However, when a mutation occurs in the p53 gene itself, the p53 protein becomes non-functional, leading to genetic instability and malignant transformation. In general, mutations in tumorigenesis may cause activation of oncogenes, inactivation of tumor suppressor genes and alterations in DNA repair genes. The proteins p16, p21 and p53 are inhibitors of the cyclin-dependent kinase (CDK) 4 and 6, besides cyclin D1, which is responsible for the phosphorylation of the pRB repressor protein, leading to cell cycle arrest in G1 15 .
The purpose of this investigation was to evaluate the chemopreventive effect of defatted flaxseed meal in C57BL/6 mice after the induction of precancerous colon lesions with DMH. The effects of this meal on the incidence of ACF, oxidative processes and expression of the tumor suppressor proteins p53, p16 and p21, as well as cyclins (D and E), were determined. We also evaluated the profile of the short-chain fatty acids (SCFA) acetate, propionate and butyrate in animal feces in the presence and absence of DMH. 
Methods

Experiment approved by the Ethics Committee of the
Defatted flaxseed meal
The defatted flaxseed meal used in the experiment was acquired from the company Cisbra ® Foods, and had the following chemical composition: 6.6% carbohydrates, 22.1% protein, 16% total fat (0.3% saturated fatty acids, 3.3% monounsaturated fatty acids (w-9) and 10% polyunsaturated fatty acids (8% alphalinolenic acid and 2% alpha-linolenic acid)) and 40.26 % dietary fiber, giving a total caloric value of 1086.7 kj/100g meal.
Experimental design
A case-control study was performed that lasted 15 weeks. The large intestine was removed from the cecum to the anus to assess the presence of ACF. Catalase activity was measured in the distal colon and liver of animals to evaluate the oxidative stress caused by DMH. mRNA levels were also quantified in the distal colon to evaluate the gene expression of cyclin-D1, cyclin-E, p16, p21 and p53. Feces were collected from the colon and cage to quantify SCFA (acetic, propionic and butyric). The liver, spleen, kidney and heart were weighed to evaluate the homeostasis of the animal.
Aberrant crypt foci counts
The large intestine was removed, washed in saline solution, and fixed in Carson's formalin 18 . After 48h of fixation, the intestine was divided into three fragments of equal length, i.e., proximal, middle, and distal regions. They were stained with 0.1% methylene blue for approximately 2 min and washed in phosphate buffer. Lesions were counted using optical microscopy with a ×40 magnification, according to the technique of Bird 19 . ACF was counted across the mucosal surface of the colon, from the cecum to the rectum, double-blindly, by two observers. Categorization of the ACF was based on the number of aberrant crypts per focus, or foci with three or fewer crypts and foci with more than three crypts, according to the method of Rosa et al. 1 .
Extraction and concentration of SCFA by HPLC in feces from the colon and cage
Feces analysis was performed in duplicate.
Approximately 400 mg of feces were weighed in microtubes and 500 µL of m-phosphoric acid were added at 25%, the mixture then being agitated and left to stand for 30 min at room temperature.
Following centrifugation at 13.200 g for 30 min, the supernatant was collected, centrifuged at 13.200 g for 20 min and frozen at -20ºC.
To determine the concentration of SCFA, feces samples were centrifuged for 10 min at 13.200 g and applied to a SHIMADZU SPD-10A VP High Performance Liquid Chromatographer (HPLC) coupled to a UV detector using a 210-nm wavelength. To perform chromatographic separation, 20 µL of the sample were injected in a 101H SHIMADZU 30 cm x 7.9 mm SCR mobile column at a flow rate of 8.0 ml/min and 24 Kgf pressure using water in 1% metaphosphoric acid as the mobile phase, according to the method of Smirick-Tjardes et al. 20 .
Quantification of mRNA of cyclin-D1, cyclin E, p16, p21 and p53 by Real-Time PCR
RNA extraction
For RNA extraction, 100 mg of distal colon tissue (n=4/group) was collected and treated with proteinase K (Sigma Aldrich ® , St. Louis, USA). Total mRNA was extracted by incubating the colon tissue with 500 µL Trizol (Invitrogen, CA, USA) in a 750-µL tube for 5 min at room temperature. Then, 300 µL of chloroform were added, and the mixture manually mixed for 15 min and left to stand at room temperature for 2 min before centrifugation (12,000 g for 15 min) at 4 o C.
The aqueous phase was transferred to another 2-mL tube, into which 350 µL of isopropanol were added. The samples were incubated at room temperature for 10 min before being centrifuged (12,000 g for 10 min). The supernatant was carefully discarded and the precipitate was added to 750 µL of ethanol (75%) and kept overnight at -70 °C. The samples were then centrifuged at 7.500 g for 10 min, the supernatant discarded and the precipitate dried at 37°C. The samples were suspended in 20 µL of distilled water, autoclaved and incubated at 35°C for 10 min to solubilize the extracted RNA. Approximately 10 µg of each total RNA were used to synthesize the first cDNA strands, using primers for cyclin-D1, cyclin-E, p16, p21 and p53.
Synthesis of cDNA
After extracting total RNA from the samples, we 
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Statistical analysis
The variables were tested for normality before the analysis of variance. When the assumptions of normality were not met, even after appropriate transformations, the data were submitted to a non-parametric test. Comparisons between three or more independent groups were performed by analysis of variance (ANOVA) for normally distributed data (Tukey's multiple comparison test) and the non-parametric Dunn's test. When the goal was to compare two treatments, the t-test was used.The value (p) was fixed up to 5% to obtain 95% of reliability in the comparisons for Tukey's test.
Results
At the end of the experiment, no difference was found between the treatments with respect to weight gain and organ weights (the liver, heart, and kidney) (p>0.05). After 15 weeks of treatment with defatted flaxseed meal, there was no difference between treatments in the dosage of the enzyme catalase in liver tissue and gut (data not shown). The presence of ACF in the colon mucosa of mice treated with the carcinogen DMH demonstrated the efficiency of the induction of precancerous lesions. The total ACF count in the proximal and middle portions of the colon and the categorization of ACF incidence as ≤3 or >3 showed no differences between the treatments (p>0.05) (data not shown). In the distal portion, the animals with neoplastic lesions and pretreated flaxseed meal defatted.
The defatted flaxseed meal elicited lesions with lower multiplicity (ACF distal ≤ 3) (p= 0.002). In the distal portion of the colon of FCA mice, there was a lower incidence of ACF (p= 0.001). When assessing the incidence of precancerous injury along the entire length of the colon, defatted flaxseed meal reduced the incidence of lesions (p<0.001), showing 43-% fewer ACF than the group CA mice ( Table 2) . (Table 3) . Quantification of the mRNA levels of cyclin-D1, cyclin E, p16, p21 and p53 was performed in the colonic mucosa, using real-time PCR. The expression of these genes did not differ among the treatments (p>0.05), except for p16, which was expressed less in the CA group compared to the F group (p= 0.019) ( Table 4 ). 
Discussion
The present study evaluated the preventive effects of defatted flaxseed meal on the incidence of ACF in the proximal, middle and distal colon of C57BL/6 mice administered DMH.
For decades, experiments have been performed in rodents to induce colon cancer, using a variety of carcinogenic drugs such as the synthetic analogs DMH and azoxymethane (AOM). The disadvantage of these models is the lack of an invasive and metastatic phenotype; nevertheless, rodent models are widely used to elucidate the adenoma-carcinoma sequence, since they are similar to the events occurring in human CRC 23 .
Our results showed that defatted flaxseed meals could protect animals from precancerous colon lesions. The highest number of ACF induced by DMH and the protective effect of the meal was evident in the distal colon. The higher number of lesions in the distal portion of the colon in rodents treated with DMH has been reported in other studies 1, 24 . DMH induces proliferation of colon tumors, especially in the rectum and sigmoid portion, which may also occur around the duodenum-jejunum junction. The mechanism of action of this drug probably involves the disruption of the DNA methylation mediated by cytochrome P450 25 .
Defatted flaxseed meal has a preventive effect against precancerous lesions in the distal colon of rodents. Jenab et al. 26 studied rats with colon cancer induced by AOM and fed a control Given the results, we need to clarify how the flaxseed meal could exert protective effects. One hypothesis is that it does so via antioxidant activity. Recent studies indicate that a high level of catalase expression could be associated with less genetic damage, thereby reducing the risk of CRC 29 and the oxidative stress generated by DMH. However, we observed no difference in the expression of catalase in the liver and intestine following the treatments.
In the present study, we attempted to relate the defatted flaxseed meal effects with the increased expression of the tumor suppressor proteins p53, p21 and p16 and a decreased expression of proteins involved in cell cycle control, cyclin E and cyclin D1.
Defatted flaxseed meal in DMH-treated animals did not affect the expression of these proteins.
The consumption of defatted flax flour did not increase the concentration of fecal SCFA. We had expected defatted flaxseed meal to increase the production of SCFA due to the presence of soluble fiber in the food. Our results are not consistent with those in the literature since it was not possible to determine whether the SCFAs protected the colon from an increased incidence of ACF.
Flaxseed contains 58% of α-linolenic acid (C18: 3 w-3) 30 , but this decreases to only 2% following food processing. Some studies show the potential of α-linolenic acid in the prevention of colon cancer 11, 31 .
Our results demonstrated that defatted flaxseed bran protected the distal colon of mice from ACF. However, the mechanisms underlying this protection are not clear. The animals fed defatted flaxseed meal showed no change in the expression of tumor suppressor genes and those involved in cell cycle control. The protective effect could be related to lignan, the main source of fiber in flaxseed meal. According to Qu et al. 32 , lignan metabolites act as antioxidants and free radical scavengers, which may decrease the risk of cancer development. They have already been shown to reduce epithelial cell proliferation and the number of aberrant crypt foci in animal models.
Taken together, our findings suggest that more studies need to be performed to try to elucidate the mechanisms, focusing on the relationship between fiber intake and the modulation of gut microbiota. According to Davis and Milner 33 , the colonic microbiota has a critical role in setting the tone for a healthy bowel, including the risk for developing colorectal cancer. Key physiological functions that might be related to cancer risk include the control of epithelial cell proliferation and differentiation, production of essential nutrients and/or bioactive food components, prevention of overgrowth of pathogenic organisms, and stimulation of intestinal immunity. Thus, the clinical application of defatted flaxseed meal could be justified.
Conclusion
In this study, none of the tests showed a potential beneficial effect against pre-cancerous lesions. Nevertheless, the defatted flaxseed was able to protect the development of lesion in the distal colon of mice.
